Both elasticity and topographic characteristics of a cell culture substrate influence cell morphogenesis, migration, proliferation, apoptosis, and differentiation, in addition to its chemical composition. [1] [2] [3] [4] [5] Thus, altering substrate properties is a non-invasive method for manipulating cell function and fate, and provides temporal and spatial stability, in contrast to biochemical control using growth factors and hormones. [6] As such, this has become one of the major strategies for drug development, and precision and regenerative medicine. However, cells cultured on standard substrates such as plastics and glass exhibit behaviors that differ from those observed in vivo, such as decreased differentiation activity of stem cells, induction of tumorigenesis of healthy cells, and aberrant drug responses. [7] [8] [9] To reduce this in vivo and in vitro behavioral disparity, it is essential to use a culture substrate that chemically and physically mimics the native extracellular matrix (ECM). The ECM is a water-containing mesh of proteins (mainly collagen) with an elastic modulus (E) of ~1 kPa to a few 100 kPa in soft tissue and a nanometer to micrometer-scale topography. Although a collagen hydrogel can be produced via fibril self-assembly through neutralization and heating a collagen solution, achieving higher stiffness (E > 1 kPa) requires chemical cross-linkers that alter cytocompatibility and biodegradability. [8, 10] The widely used Matrigel (a protein-mixed hydrogel derived from a mouse tumor) resembles native ECM, but its batch-to-batch biochemical variability introduces a significant level of uncertainty to cell-based experiments. [11] In addition to the elasticity, controlling the topography of ECM-derived hydrogels is technically challenging. Thus, cell responses to topographic cues have mainly been explored on rigid materials (~GPa) [1, [12] [13] [14] such as silicon and plastics that can be micro-/nano-patterned with techniques such as electron beam lithography and hot embossing. Cellular responses to complex cues provided from native ECM, such as specific topographic cues as soft as the ECM of in vivo soft tissue, remain to be elucidated.
Here, we report collagen hydrogels with well-defined and tunable E values, encompassing the broad range of in vivo soft tissue and a microtopography, which was created by the elastic and topographical control by radiation molding (ET-RaM) technique that ensures intrinsic biological functionality of collagen (Figure 1a (Figure 1a, Step 3). Although collagen is decomposed by ionizing radiation in a dried state [15] or at low concentration (<1%), [16] at a certain concentration (a few % to several 10s%) in water (solution or physical gel), collagen is predominantly cross-linked through a reaction with hydroxyl radicals generated in water. [15, 17] Water-containing three-dimensional polymeric networks are thus formed without requiring a cross-linking agent. After removing the PDMS molds, ET-RaM altered the collagen solutions into hydrogels with regulated stiffness. Figure S1a -c, Supporting Information), ranged from 1 to 236 kPa ( Figure 1b ) without the addition of any reagent. Additionally, E showed power-law dependence on the concentration of collagen in hydrogels ( Figure S1d , Supporting Information), similar to the reported correlation between in vivo collagen concentration and the E of bulk tissue. [18] The volume of collagen I hydrogels was reduced by fibril formation (Steps 4 and 5) ( Figure   S2a , b, Supporting Information), consistent with the contraction displayed by a fibroblast-containing collagen I hydrogel. [10, 19] Collagen I molecules are held in place by cross-linking, forming locally dense cores that promote fibril contraction. The final concentration of 8-157 kPa collagen I hydrogels was 6-14% ( Figure 1d , Supporting Information), which cannot be achieved with a conventional collagen I hydrogel (<1%) [10] and is comparable to that in vivo.
E, determined by the indentation test (Experimental Section and
With the exception of fluidic hydrogels with E ≤ 1 kPa ( Figure S2c , Supporting Information), microtopographies were formed on the surface of all types of collagen hydrogels ( Figure 1c ) with the variation in E. Since the above-described compaction of collagen I was isotropic, specific microtopographies can be obtained by adjusting the pattern size of molds ( Figure S2a (Table S1 , Supporting Information). In contrast, chemical cross-linkers specifically consume arginine (R), glutamic acid (E), and aspartic acid (D) [20, 21] of cell-binding motifs such as GxxGER and RGD. ET-RaM preserves these motifs and can be applied to various types of collagen-including animal-free recombinant forms-irrespective of the amino acid sequence.
The developed collagen hydrogels can chemically and physically mimic native ECM. Therefore, the collagen hydrogels were used to investigate cell responses to soft topographic cues such as those encountered in vivo. Gelatin was used as the base polymer owing to the broad range of E and precise microtopography without the random fibrous structures of collagen I that could affect the cellular response. We Information), which is similar to their movement between micropillars. [22, 23] Interestingly, the soft topographic cues mimicking the ECM of in vivo soft tissue induced all cell types to spread and become aligned parallel to the microgrooves, even on soft hydrogels where cells formed aggregates on the flat surface (Figure 2a and In summary, we developed collagen hydrogels that can combine elastic, topographic, and compositional cues that recapitulate native ECM, using a simple yet effective method suitable for mass production. Using these collagen hydrogels, we revealed that soft topographic cues, similar to those derived from in vivo ECM, affected cell morphology and actin cytoskeleton organization. These collagen hydrogels are anticipated to reduce in vivo and in vitro behavioral disparity of cells. Moreover, given that elasticity and topographic characteristics are two major cues modulating cell function and fate in tissue formation, maintenance, regeneration, and repair, [1] [2] [3] [4] [5] our collagen hydrogels can facilitate the design of artificial ECM to control cell behavior in tissue engineering and regenerative medicine.
Experimental Section
ET-RaM of collagen: PDMS molds were prepared in advance as follows. The precursor of PDMS (SIM-260) was mixed with a curing agent (CAT-260) (both from Shin-Etsu Chemical) at a 10:1 ratio, and then degassed and spin-coated on a silicon master mold (DTM1-1; Kyodo International) at 1000 rpm. After curing at 150°C for 30 min, the molds were peeled from the master mold. We used collagen I (porcine skin, 5 Cell culture on collagen hydrogels prepared by ET-RaM: HeLa (RCB0007), MDCK (RCB0995), and 3T3-Swiss albino mouse embryonic fibroblasts (RCB1642) were obtained from RIKEN BRC Cell Bank. C2C12 cells (EC91031101) were obtained from DS Pharma Biomedical. Cardiomyocytes were obtained from neonatal Wistar rats (Japan SLC) according to our published protocol. [24] Animal experiments were approved by the Institutional Animal Care and Use Committee of QST (approval no. The orientation of the actin cytoskeleton was analyzed with a Fourier transformation-based method. An optical section of the actin cytoskeleton beneath the nucleus was first extracted from z-stack images and cropped to 128 × 128 pixels (13.9 μ m 2 ). The 2D Fourier spectrum for the cropped image was calculated. After removing the direct current offset, a histogram in polar coordinates was generated from the Fourier spectrum data, which was approximated by an ellipse. The orthogonal direction of the major axis of this ellipse was defined as the orientation direction of actin filaments. The angular difference between this and the major axis of microgrooves on collagen hydrogels was defined as the orientation angle of the actin cytoskeleton relative to the microgrooves. The 2D Fourier spectrum was calculated with MATLAB (MathWorks) software, and other image analyses were performed using a macro in ImageJ software.
Statistics and reproducibility: Data were analyzed with Welch's t test and
one-way analysis of variance followed by a post-hoc Tukey's honestly significant difference test using OriginPro2018J software (OriginLab). The analyzed datasets of cell responses are summarized in Table S2 (Supporting Information). All experiments were performed at least three times. Step 4 (iridescent reflections are due to microtopography diffraction) and micrographs of representative microtopographies formed on the hydrogel surface. (d) Elasticity and topographic properties of collagen hydrogels compared to conventional cell culture materials [8, 25] and in vivo soft tissue. (Table S2 , Supporting Information). (g, h) Cardiomyocytes (g) and C2C12 myotubes (h) grown on collagen hydrogels prepared by ET-RaM (236 kPa, 5-μm microgrooves) with nuclear (blue) and sarcomeric α -actinin (green) (g) and nuclei (blue) and actin (red) (h) staining.
